Several Features of Defect-Colonies in KCI Singe Crystals Rapidly Grown from the Melt by NAKATAO, Tetsuro
Several Features of Defect-Colonies in KCI Singe 
Crystals Rapidly Grown from the Melt 
Tetsuro NAKATAO 
(Received Apr. 14. 1973) 
127 
KCI single crystal fragments are obtained by the natural cleavages from 
the rapid cooling of the melt. Several features of the various macroscopic 
defect-colonies (DC) in the above fragments are su mmarized as follows: (i) 
Examples of meshanical, photo-elastic and spectroscopci DC are illustrated. 
(ii) All of them are observable by the microscope and tend to be con-
centrated in certain peculiar planes such that {lOa}. {llO} or growing 
surfaces. (iii) Different visual DC are corresponded to the different spec-
troscopic DC. Therefore. it is concluded that these DC may be generated at 
the solidification of the crystal and suggest us the behaviours of atoms 
at the complicated crystallization. 
1. Introduction 
Physical features of nearly perfect KCI single crystal are analyzed well by solid 
state physical point of view, but those of much imperfect ones are remained. We 
have been studied some of the latter on the macroscopic point of view, that is, 
it is found that the natural cleavages of the single crystal obtained by the rapid 
cooling of the melt are much related to the spectroscopic features of the crystal, 
and then, "defect-colonies" are introduced H in order to explain the above relation. 
In this paper some experiments on the several features of defect-colonies reported 
in the previous papers4) are summarized and some suggestions are noted on the 
behaviours of atoms at the complicated crystallization. 
2. Natural Cleavages and Defect-Colonies 
KCI single crystal grown by a rapid cooling from the melt is cleaved naturally 
into fragments. Microscopic defect-colonies are introducedH ) in order to explain 
several features of the cleavages as follows: 
2.1 Experiments and natural cleavages 
The melt of KCI commercial reagent containing the impurity Pb are cooled in 
a crucible shown in Fig. 1 by the rate 0.3 --30 deg/min. The single crystal obtained 
are cleaved naturally in the crucible into fragments of various edge lengths and 
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the more rapid cooling gives the smaller fragments. We have studied several features 
of the fragments at the celavages and obtained following results: 
(i) Edge lengths of the fragments obtained in a crucible are measured. When 
the individual edge length D of the fragments is ranked into the number TJ, D-TJ 
curve is called here by "rank-size distribution". Practical distribution is given -
roughly by 
(TJ= 1 ""H), ••••.•••...•.•••..••.•.•...•.......•.•...••• (1) 
where Do. TJo and H are certain constants by which the features of the crystals at 
the cleavages can be estimated. 
(ii) For various cooling rate v we have 
Do=Alv2... .... .. .. .. .. ....... .. .. ...... .. .. .... ............ ........ .. .. .. .. (2) 
(iii) Do is not affected by the impurity contents. 
(iv) The constant A in eq.(2) is affected by the temperature distribution in 
the crucible. Then it is concluded that eq.(2) may be rewritten essentially in term 
of the actual growing rate u = viC by 
Do=A'lu2=A'G2Iv2, ........................................................ (3) 
where A' is a constant and G is the temperature gradient in the melt. 
(a) Electric furnace. 
Temperature 
Control 
Fig. 1 Arrangement of the electric furnace 
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2. 2 Number of the cleaved surfaces 
The above features of the crystal at the cleavages are explained assuming that 
an one-dimensional crystal of N atoms containing n defects randomly distributed 
is cleaved at the adjacent-defect-pairs in which the separation between defects is 
less than ma when the lattice constant is a, that is; 
(i) The rank-size distribution by the present cleavages is estimated by the 
electronic simulation method and it is found that eq.(l) is useful when m {no 
Cii) The three constants in eq.(l) are calculated theoretically in terms of four 
atomic constants using certain subsidiary parameters E* and E by 
E* N 
In£* n, 
E N 
TnE= Hm, 
H=~~ 
In£* 
Do=Ea, 
H ·1· ................................ (4) 
TJo=lnE. 
(iii) It is found that eq.(4) fits to the various simulation results in (D within 
the error 30%. 
2. 3 Spectroscopic defects 
In the above mentioned fragments, the remarkable spectroscopic absorption ap-
pears at 272 m,u bands depending on the impurity Pb and the other bands. Several 
spectroscopic features of the fragments are observed as follows: 
(i) In a given fragment the absorption intensity varies according to the Lam-
bert's law when the thickness is decreased step by step. 
(ii) The absorption coefficient ,u depends on the thickness of fragments naturally 
cleaved (not artifically) such as 
,u = ,uoID,· ................................................................... (5) 
where ,uo depends on the impurity contents. 
(iii) ,uo is not affected by annealing at 600 aC. 
Ci v) Giant specks of 10 2--10 -3 cm are observed, which are certain aggregations 
of etched patterns of 10- 4 cm. The greater absorption intensity at 272 m,u band 
gives the greater number and diameter of specks. 
(v) Eq.(5) suggests us that the fragments are cleaved such that the constant 
number of the optical defects are included. It is much interest that the macroscopic 
cleavages are related to the microscopic features. 
2. 4 Thermal-stress-origin of the cleavages 
We shall note that the grater cooling rate of the crystal gives the greater thermal 
stress and induces the greater number of cleaved surfaces when the fracture energy 
is constant. The 2. 3( v) might be approximated by using the defects of therm-
al-stress-origin as follows: 
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It is simply assumed in the crucible that (D a cylindrical crystal of the radius 
ro has initially an ideal lattice arrangement and is cooled by a constant rate v 
at the surface. (ii) the thermal stress reduced at the rapid cooling is absorbed 
by forming n lattice defects per unit volume each with energy E. and (iii) the 
present defects give rise the spectroscopic absorption at 272 mt[ band. 
Then the absorption coefficient /1 of the crystal is given theoretically using a 
certain constant /10* as 
/1 = /1o*n = (/1o*BIE )v2• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • (6) 
where B is a constant determined by the macroscopic physical constants of the 
crystal. for example Young's modulus. thermal expansion ratio and so on. 
Assuming that the present defects also leads the cleavages by the way mentioned 
in 2. 2., eqs.(2) and (6) lead eq.(5). 
Lastly a numerical estimation of the mean stress in the crystal shows that the 
present discussion can be useful only near the melting point. by which 2. l(iii) 
is explained. 
It is noticed that the thermal-stress-origin of the above defects is not exactly 
valid, but believed that it may be one of approximate method for the imperfect 
crystal growth when the crystal is somewhat rapidly grown. The present discussion 
and 2. 2 hase been developed recently into "Thermal-Stress-Defect-Model". 
2. 5 Defect-Colonies 
The various defects mentioned above are quoted here in short such as 
(D Mechanical defects which may be macroscopically direct origins of cleava-
ges(d. 2. 1) 
(ii) Simulated defects that certain aggregation of the microscopic defects dist-
ributed randomely may reduce the cleavages (d. 2. 2) 
(iii) Spectroscopic defects (d. 2. 3) 
(iv) Etched defects observed at the surface (d. 2. 3) 
(v) Thermal-stress-defects theoretically introduced. macroscopic and microscopic. 
(d. 2. 4) 
It is noticed that the word "macroscopic" is used in the meaning of "in visual 
scale and to be related directly with the cleavages" and the word "microscopic" 
is used in contrast to macroscopic and is equal to the usual physical one in nearly 
perfect single crystal but is not in poly-crystal. We called these macroscopic defects 
by "defect-colonies" and have interest how the defect-colonies are generated and 
what is the behaviours of defect-colonies. Some of these problems will be sum-
merized in the present paper. 
3 Visual Defect-Colonies in the Fragments4) 
Various visual or mechanical defect-colonies are observed in the crystal fragments 
above mentioned. They will be described individually as follows: 
(0 
( h) 
(j) 
Fig. 2 Examples of crevices (a) -(d) and step lines (e) - ( j) 
'-----' lmm 
X' 
13 1 
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3. 1 Crevices and caves 
Linear crevices are observed sometimes in the fragments as shown in Fig.2(a) 
where the cleavages start from an edge and vanishes som~where in the crystal. 
The photograph gives us following results: 
(i) In a glance the crevices seem to be generated by a wedge because the width 
of crevice decrease roughly according to the distance from the edge. 
(ii) The crevices are intermittent and dash lines with different width individually. 
whereas the line B which is more bold than A is of considerablly homogeneous 
width and suddenly vanishes. 
(iii) Individual directions of dash lines are slightly different with each other 
and distributed within the range 50 around the average direction. 
(iv) A set of circular patterns: BI. B2 and B3• appear on the crevice B. It is 
known in detailed observation that those patterns are caves. 
(v) Bold black region appears between B2 and B3• On the surface of futher thinned 
fragment gives Fig.2(b) in which the separation between B2 and B3 is decreased 
and B4 appears newly. 
(vi) It is supposed refering to the other observations that various patterns in 
(iv) and (v) may probablly be generated at the solidification though it is not 
confirmed. 
(vii) Some series of caves and the other patterns are observed similar to (i v) 
as shown in Fig.2(c) and (c) even though they have no direct relation to the 
cleavages. 
These results show that visual caves and the other patterns are grown in certain 
peculiar planes at the solidification of the crystal and turns sometimes into the 
crevices. 
3. 2 Step lines 
A set of stepwise lines appears frequently on the cleaved surfaces as shown in 
Fig.2(e) when the crystal is grown into one piece. These lines are called by step 
lines and their several features are observed as follows: 
(i) The step lines are roughly along to the direction of crystal growth. and 
it is illustrated schematically in Fig.2(f). 
(ii) When the above crystal is cleaved artifically in a {l00) plane. for example 
XX' in the figure, the cleaved surface is composed of platelets which are bounded 
at the cross lines with the step lines and are in different directions within 50 
around the average direction similar to 3. l(ii). Then it is concluded that those 
step lines are corresponded to the subgrain boundaries in the crystal. 
(iii) It is found in Fig.2(g) that when the step lines start in <100) direction 
they are fully linear. and after a considerable running they turns suddenly into 
curved lines and are frequently wavy. 
(iv) In the wavy curves as shown in Fig.2(i). <100) and <110> directions are 
dominant. That is. the step lines are governed in average in certain systematic 
133 
curves, whereas they appear locally in (lOa) or <110). This fact is much important 
when the macroscopic crystal growth is interested. 
(v) Several successive wavelets in wavy curves can be approximated by a si-
nusoidal wave with wavelength A and amplitude A. In the other way the observed 
width hI of lines in the photograph may 
be nearly proportional to the step height 
h. because the steps appear into some-
what similar slope. It is found that these 
quantities are related with each other by 
• = aA. • = Ph' } (7) 
(a= 0.095--0.2. ,8= 0.092 --0 .24). 
as shown in Fig. 3. 
3. 3 Generation of step lines 
E 
~10 
20 50 100 150 
Wave iength ;\ x 10 (em) 
20 50 100 150 
Wave length ;\xl0(em) 
Fig. 3 Relation of the amplitude and the 
height vs. the wavelength of the 
step lines 
The features of step lines mentioned in 3. l(iii) are explained schematically by 
Fig.2(h) when (AI) growing surface is mainly determined by the isothermal surface 
and (A2) subsidiary tends to the planes of the easy growth, {l00} or {110} , as 
follows: 
Let us assume that the crystal growth starts at the point P in (100) direction 
and the dot lines are the simply assumed growing directions which are perpen-
dicular to the isothermal surfaces and varies continuously place by place. In the 
period when the crystal is grown from Po to Ph the direction of the dot line 
differs so slightly from <100> direction that the practical growihg direction is kept 
in <100) direction affected by (A2• When the growing surface is arrived to PI at 
which the direction of dot lines is considerablly aifferent from that of <100), (AI) 
becomes dominant that (A2), and then the growing direction may be turned su-
ddenly into the direction along the dot lines. After the further growth, the growing 
direction is fixed at P2 into <100) direction by (A2) rather that of the dot lines. 
When the start Po is the grain boundary, the curve Po PI P2 P3•••••• is also 
the grain boundary and the cleaved surface may be disturbed at the curve into 
observable patterns. 
Apparent patterns of step lines shown in Fig.2(f) are explained as follows: Present 
crystal growth is begun at the wall of the crucible in a way shown in Fig.2(D. 
That is, the initial growth may start at a point P at the lowest temperature and 
propagates along the wall. If certain points Qh Q2 lead somethat disturbances on 
the lattice arrangement, those points may become subgrain boundaries. The further 
growth is propagated vertically to the wall, and then subgrain boundaries appear 
along the direction of the crystal growth. 
3. 4 Photo-elastic patterns 
In some fragments various photo-elastic patterns appear, by which the distribution 
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(a) Type E. (b)Type El (c) Type E2 (d) Type E3 (e)Type E, 
11"1 polarized light 
(a) Type Eo 
(c) Type E2 
(e) Type E4 ~ lmm 
Fig. 4 Various types of the photo- elastic patterns where the shaded shows the bright 
portions 
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of the residual stress in the fragments is suggested. as follows: 
(i) These patterns are classified roughly into five groups as shown in Fig.4: 
Eo(patterns for point-like stress sources). E, (a)portion of Eo patterns). E2 (modified 
Eo patterns). E3 (bright parallel stripe patterns in the direction (100) or <110> ). 
and E4 (bright cross-parallel stripe patterns in the direction <100) or <110). 
(ii) Among the fragments of various edge lengths. for example. EI appears in 
the fragments of large edge lengths and E4 of much smaller ones. Then the patterns 
Eo may be corresponded to the small stress and E,. E2. E3 and E4 to the greater 
stress in their order. because the smaller pieces are corresponded to the greater 
residual stress refering 2. 1 (ii) and 2. 2. 
(iii) For various contents of the impurity. (i) and (ii) are kept. This is similar 
to that the impurity contents does not affect to the edge lengths of the fragments 
in 2. l(iii). 
3. 5 Features of mechanical defect-colonies 
Above observations of the mechanical defect-colonies or certain macroscopic 
origins of cleavages mentioned in 2. 4 are summerized in short as follows: 
(i) Refering to the various observations of the cleavages such as step line in 
3. 1 and crevices in 3. 2, it is concluded that (Ar) defect-colonies are concentrated 
into certain peculiar surfaces such as {lOO} palnes of easy cleavage and (A2) pa-
rticular defect -colonies are concentrated in the subgrain boundaries and observed 
as step lines. in which {lOO} and {l1O} planes are somewhat dominant but not 
always. 
(ii) Even without direct relation to the cleavages, some serial caves in 5. 1 
or photo-elastic patterns in 3. 3 appear in {lOO} or {llO} planes. 
(iii) It is noted in 3. 1 that the generation of the step lines or subgrain 
boundaries are explained by the character of the crystal under the given isothermal 
surfaces at the solidification. 
Then it is concluded that the surfaces of practical cleavage are determined at 
the solidification through the generation of various mechanical defect-colonies, and 
we shall interest in future to how (8,) the character of the crystal and (82) the 
physical circumstances at the solidification affect to the generation and concentr-
ation of defect-colonies. 
4 Spectroscopic Defect-Colonies4l 
Measurement of spectroscopic behaviours of the present fragments gives various 
spectroscopic defect-colonies as follows: 
4. 1 Step lines 
Monochromatic photographs of step lines are observed as shown in Fig.5(a) where 
L, and L2 are step lines. It is found that (AI) L, is similar in darkness with L2 
at 345 m.u but only LI vanishes at 275 m.u. (A2) blight spots M by certain lum-
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inescence appear on L2 in 275 m,u. (A3) the individual spot of M is dash line along 
to the <100) direction. 
These results give us that (B I ) individually different kinds of various spectro-
scopic defects lies on the individual step lines. and (B2) sometimes. those defects 
are concentrated in planes of the particular direction such that <100) of easy 
growth. 
4. 2 Stripe patterns 
The macroscopic photographs of many parallel stripe patterns are given in Fig. 
5(b). The photograph (b l ) is on a surface in which many step lines of parallel 
each other appear. Observations of the other surface of the same specimen are 
given in the figures (b2)--(b4) in which many parallel stripes appear. The other 
examples of somewhat complicated stripe patterns are shown in Fig.5(c) where 
"F" is in the direction <lOa). "G" illustrates step lines and arrow marks growing 
directions. Characteristic behaviours of many stripe patterns in these figure appear 
as follows: 
(i) In Fig.5(b). stripes are parallel roughly to the step lines and make the angle 
30° with <100) direction. so that these may be grown in a way mentioned in 3. 
1. 
(ii) In Fig.5(c), stripes are devided into three groups such as "I" in <100) 
direction. "]" in <110) direction and "K" nearly perpendicular to the step lines or 
along isothermal surfaces. 
(iii) Considering of the discussions in 3. 1 on the growth of step lines. those 
stripes in Fig.5(b l ) and K in Fig.5(c) may be much related to the crystal growth 
at the solidifications. 
(iv) The stripes differ in darkness between the figures (a)",(d) according to 
the observing wave length. for example. the intuitive darknesses of parallel stripes 
are given in Table 1. So that. they are spectroscopic patterns. 
Above results suggest us that (C I ) various spectroscopic defects are concentrated 
into stripes. (C2) stripes lie in the particular planes such as {l00} . {100} or parallel 
or perpendicular to the step lines and (C3) different kinds of defects are con-
centrated in different stripes. 
4. 3 Various patterns 
Various spectroscopic patterns are also observed sometimes in close relation to 
Fig.5 E1 E2 
465m.u (bJ) 3 3 
465m.u (b3) 3 3 
353m.u (b3 ) 1 1 
28Om.u (b4 ) 0 2 
E3 E3 
0 3 
0 3 
1 2 
2 1 
E9 
3 
3 
1 
0 
EIO 
? 
3 
? 
? 
Table 1 Monochromatic darkness of 
stripe patterns. where numericals 
are rough measure of darkness 
13 7 
(at) 465 m,u 
(as) 280 m,u 353 m}J 
280 m}l 0.1 mm 
(a) The step lines (b) Stripe patterns parallel to the step lines 
Fig. 5 Various spectroscopic patterns 
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(C1) 465 m,u (d 1) White 1 ight 
(C2) 353 m,u (dl) 465 m,u 
(ds) 280 m,u 
( C4) 
Cc) Stripe patterns F. G. H and their growth Cd) Crevices and stripe patterns 
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the visual patterns mentioned in 3 as follows: 
(i) Certain spectroscopic patterns are observed along the crevices mentioned in 
3. 2 as shown in Fig.5(d) in white light and in 270 m.u. 
(ii) Step lines are also accompanied with certain spectroscopic patterns as 
mentioned already in 3. l. 
4. 4 Features of spectroscopic defect-colonies 
Various patterns mentioned in 4. 1--4. 3 belong to the macroscopic defect-colonies 
mentioned in 2. 5, because they are similar to the mechanical defect-colonies 
mentioned in 3 in their magnitude and different in mechanical features from the 
bulk crystal, so that they also can be direct origin of the fiacture of the crystal. 
Some features of these spectroscopic defect-colonies are estimated and known 
as follows: 
(D Photographic darkness in some parallel step lines in a crystal fragments varies 
visually according to the observing wave length as shown in Table 1. where the 
remerkable difference between 465 m.u and 280 m.u are noted. 
(ii) Spectroscopic spectra of these defect-colonies are roughly classified into five 
kinds as shown schematically in Fig.6 where the observation is carried out ph-
otgraphically at four points marked in the figure. 
(iii) Different types of the spectroscopic defect-colonies are observed in close 
relation respectively to the different types of the mechanical defect-colonies. 
(iv) Several results mentioned in 3. 5(i)--(iii) are also valid for the spectro-
scopic defect-colonies. 
(v) The above results show that various spectroscopic defect-colonies are ge-
nerated individually in a different way, so that the present study will be much 
useful for the study of their genera-
tion in a complicated crystal growth. 
(vi) It is noted that the above ob-
servations of the spectroscopic defect-
colonies give a good support to 
that the microscopic defects are con-
centrated into the giant aggregations 
or macroscopic defect-colonies, which 
probablly can lead the cleavages of 
the crystal. 
5 Features of Defect-Colonies 
Several features of the 
types of the defect-colonies 
merized in 3. 5 and 4. 4 
much similar as follows: 
various 
are sum-
Both are 
c: 
o 
II 
.a 
< 
Q) 
U 
G 
.~ I 
E 
:3 
..J 
Fig. 6 
defect 
"
./t 
-' . 
...... .... _ ••• ••••• 1' 
.-
270 280 353 465 
Wave length (m;.<) 
( b) 
Schematic spectroscopic characters of 
clusters 
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(i) Certain aggregations of them may be much related to the cleavages. (ii) 
Defect-colonies are frequently arranged in the peculiar planes which are related to 
the crystalline axis of the mother crystal and the iso-thermal surfaces. (iii) Def-
ect-colonies are composed of various defects, mechanical or spectroscopic. 
The other types of the defect-colonies are observed5l recently by measuring the 
broadening of Laue spot in X-ray Laue method. For example, when the single 
crystal is composed of the subgrains grown in the vrious directions, subgrains 
are certain aggregations of micro-grains with different imperfections, and the range 
of the imperfeftions is remarkablly great around the step lines. Then these agg-
regations of the different micro-grains may be X -ray topographical defect8colonies. 
Therefore, the generation of the defect-colonies may be studies in close relation 
to the crystallization process by means of various physical measurements: visual, 
microphotographical, photo-elastic, spectroscopic or X-ray topographical. 
We have previously proposed6,J) that the fracture of materials may be caused from 
various mechanical macroscopic defects, in special reference by "Nonlinear-Defect-
Model", theoretically and experimentally. Then macroscopic various features at the 
fracture of various materials, for example the stress-strain curves or the roughness 
of the fracture surfaces, may also be useful to study the features of the defect 
8colonies. 
colonies are generated individually in a different way and their study gives much 
contribution for the study of their generation in a complicated crystal growth. 
It is noted that the above observations of the spectroscopic defect-colonies give 
a good support to that the microscopic defects are concentrated into the giant 
aggregation or macroscopic defect-colonies, which probablly can lead the cleavages 
of the crystal. 
6 Conclusion 
In the previous papers it is concluded that KCl single crystal is cleaved at certa in 
aggregations of various "de fect- colonies". In the present paper the appearances and 
several features of these def ect-colonies are studied as follows: 
(i) Several examples of visual defect-colonies are shown, for example, serial caves, 
step lines, crevices or photo-elastic patterns. 
(ii) Monochromatic observations of the crystal give also spectroscopic defect-
colonies of different spectra and different configurations. It is observed that various 
spectroscopic stripe patterns are giant clusters of spectroscopic defects in visual 
scale. 
(iii) It is concluded that the above both defect-colonies tend to be concentrated 
at the solidification into the peculiar surfaces such as {l00} planes, {110} planes, 
growing planes and subgrain boundaries. Some qualitative considerations are shown 
on the crystal growth governed from isothermal plane and crystal axis. 
(iv) Different visual defect-colonies may be corresponded to the respective 
different spectroscopic defect-colonies. 
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